Pressure vessel is a container that has been used to contain a pressurized fluids, either oil, gas, or other chemical fluids. It is widely used for the oil, gas and other chemical based industries. Nowadays, finite element analysis is commonly used to reduce the high cost of testing a pressure vessel before manufacturing process. However, further validation is needed to ensure the results of the simulation and safety of the pressure vessels. In this study, theory of distortion energy is used as the tools of validation based on materials properties and behavior. And finally to ascertain wether the pressure vessel is possible for production or a refinement for safety is needed. The results of the study shown that theory of distortion energy can be used as validation tool for finite element analysis on a pressure vessels, however it cannot ensure the safety. Therefore other validation methods are needed to ascertain the safety of the pressure vessel discussed in this report. The cost analysis shown that failure theory combined with other calculation methods can save costs in pressure vessel testing, although some fairly expensive tests cannot be avoided.
Introduction
Pressure vessel is one of engineering structures that required to work under high mechanical deformations and elevated temperature [1] . also considered the most important and irreplaceable components in the oil and gas or petrochemical industries [2] . The high cost of testing and manufacturing pressure vessels triggers the development of science to find ways to reduce these costs through analysis without making actual objects. One of these analytical science is a finite element analysis. Finite element is a numerical method used to solve technical and mathematical problems of physical phenomena [3] . In present time, numerical calculations on finite elements are generally done using software such as ansys, abaqus, etc. However, the finite element method requires further validation to guarantee and ensure the truth of the results from the simulation that has been done [4] . Validation of finite element method is generally performed using two ways validations such as numerical method (direct manual calculations) and experimental method by making simulated object. Validation by numerical method is the most difficult and requires a long time, while experimental validation requires high enough cost to make a prototype of the object to be made [4] . Therefore an accurate and inexpensive method of validation is needed to support the development of finite element research, especially in the field of pressure vessels for both university or wider research scale. Mechanics of materials as well as mechanical behavior of materials explain 3 failure theories which are the basis for finite element calculations, such as maximum normal stress theory, maximum shear stress theory, and theory of distortion energy [5] & [6] . This study aims how to determine what theories are used and how to apply them, especially in the case of vertical pressure vessels simulations. and finally to ascertain whether the use of failure theory alone is sufficient to validate and determine the safety of the simulation results.
Research methodology
The case used in this study was the result of simulation that has been carried out on a vertical pressure vessel with the following form, shown in fig.1 , and specifications shown in table 1 & 2. The pressure vessel was used as a feed gas scrubber to separate oil and gas in the industries [7] . Table 3 . Mechanical Properties of Materials [8] After all data were known, the simulation then performed using ANSYS by following the standard of ASME [9] . The simulation was carried out using tetrahedral mesh and the pressure value of 818 psi (MAWP), while the force and moment load of the nozzle referred to the standard of Petronas and pipe stress analysis [10] & [11] .
Results and Discussion
Based on failure theory, maximum normal stress theory is best used for loading on a brittle materials, maximum shear stress theory is best used for the cutting process of a ductile materials, and theory of distortion energy is best used for loading on a ductile materials [5] . According to Table 2 & 3. the materials of pressure vessel were made of carbon steel which has ductile properties and behavior. The function of a pressure vessel is to hold pressurized fluid in it and to withstand the load from the fluid. Therefore, the theory of distortion energy was chosen and used to support this simulation which the results are indicated by von mises stress. The result of the simulation shown in figure 2. However, there are 2 critical areas located around the manhole and c2 nozzle shown in figure 3 . The stress value shown in Table 5 . 
Basic Validation
Based on the theory of distortion energy, failure occurs when the von mises stress is equal to or exceeds the yield strength of the material [5] , shown in equation 1 σ' ≥ σy or Ys (1) And the theory of distortion energy graph becomes Figure 4 . Maximum distortion energy theory [5] After knowing that the yield stress value can be used as a limit for failure, it can be plotted into the graph of distortion energy theory as a maximum value, After that the value of the simulation results can be plotted into the graph as well. Shown in Fig 5. positive sign was defined as tensile load and negative sign was defined as compressive load [4] . Figure 5 . Validation result using theory of distortion energy As shown in Fig 5. there are 2 values that are outside the graph, which mean there will be a failure in C2 area, while the highest value in the manhole area is already in the graph which means it's safe. Therefore a refinement was needed to prevent failure in C2 area [12] .
Further Validation
Section 3.1 shown that failure theory can be used as a reference for simulation results. However, the validation results did not ensure the safety of the pressure vessels to be produced because it's too simple. In fact, a lot of testing procedure has to be done. Therefore, further validation was needed to support the results of validation.
Maximum Allowable Stress
There are two main stresses on a pressure vessel, hoop stress or circumferential stress (σH) and longitudinal stress (σL). Shown in Fig. 6 . These main stresses need to be calculated to determine the safety factor. 
a. Hoop Stress
The hoop stress can be calculated using equation [14] : 
The longitudinal stress can be calculated using equation [14] :
After both main stresses were calculated, maximum allowable stress can be determined. The standardized maximum allowable stress or maximum shear stress used for 36000 psi yield carbon steel from ASME section II Part D (Table 1A , Cont'd) is 21500 psi [15] & [16] .
Factor of safety
The factor of safety can be calculated using equation [16] :
.3 Joint efficiency
Double butt welded was used at each pressure vessel joint, therefore joint efficiency was needed to determine initial thickness. The joint efficiency used was 1 [14] . Spot heating was used to remove distortion from the joint. Fig. 8 shown the stresses in the longitudinal direction. Figure 8 . Schematics distributions of stresses on a butt weld when uniform tensile load are applied and of residual stresses after the loads are released [17] "Curve 1 shows the stress distribution when a uniform tensile stress σ = σ1 is applied. Yield stress is reached near the weld, and most of the stress increase in areas away from the weld. As the applied stress increased, the stress distribution across the weld evens out, that is, the effect of welding residual stress distribution decreases" [17] . Residual stress significantly affects only those phenomena that occur under a low applied stress, such as brittle fracture and stress corrosion cracking. As the level of applied stress increases, the effect of residual stress decreases. Welding sequence and welding direction also have an influence on the magnitude and distribution of the residual stress [18] .
Initial & optimal thickness inspection
Pressure vessel has 3 types of wall thickness, which are shell, head and nozzle. Shell and head thickness is the most important to ensure the safety of the pressure vessel and to determine the lifetime of the vessel a. Shell thickness The thickness of the vessel wall that sustains internal pressure must not be thinner than the value calculated from the following formula [14] : After the thickness of the shell and head is known, the next step is to determine the optimal thickness used. This step needs to be done because in reality there is no metal sheets with these dimensions. Therefore a standard thickness of produced metal sheets was needed. In this case, standard metal sheets in Indonesia [19] was used. Shown in Table 6 . Shell and head thickness was calculated as 23.92 mm and 23.54 mm, then 24.00 mm thickness was selected. The pressure vessel has length of 2692 mm, then 0.95 mm added to thickness. Therefore the optimal thickness become 24.95 mm or 25 mm or 0.985".
Critical thickness
Critical thickness is the minimum thickness before the vessel fails. Critical thickness needs to be calculated to determine the working age of the vessel. Eq (2) can be used to calculate critical thickness by replacing σH with maximum allowable stress or σmax [14] . Therefore the equation becomes. The pressure vessel with material SA516 Gr 70 and chemical composition as shown in Table 7 . have a corrosion rates of 0.46 mm/year [21] . Therefore the working age of the vessel can be calculated, 
Corrosion analysis
Corrosion is a common phenomenon in the oil and gas industries and also other chemical based industries. Cracks can propagate either in length or depth. Surface crack can happen through thickness cracks, causing failure in the equipment [22] . The brittle fracture of the base metal is a sudden failure without exhibiting plasticity. Metal may become brittle following a decline in temperature; thus, the operation of the equipment should be carried within the permissible temperature range that will not result in the brittle fracture failure [22] . For the brittle fracture assessment, the fracture toughness of the material Kmat is required, which measures the ability of the material to resist crack growth propagation in the material after its initiation. Unfortunately, particular experiments and testing are still needed to ensure the same results as simulations because many factors can change the material behavior, such as temperature, environment, contained fluids, working age, etc. Therefore, in this case the simulation for corrosion was not carried out but rather a direct testing procedure using ultrasonic thickness measurements [23] .
Buckling
Buckilng analysis was performed to ensure structural stability. The pressure vessel has a spherical head or cap and 10 external stringers, also has uniform thickness in head and body to avoid reduction of carrying capacity [24] . Fig. 9 shown the eigenshape of dome and external stringer. Fig. 10 shown the buckilng simulation results. From the buckling simulation results it is known that the vessel was able to hold 34.35 times its dead weight and considered safe. However, validation was needed to ensure the simulation results. Fig. 11 shown the influence of stringer to the magnitude of buckling pressure, in this case a deadweight. Figure 11 . Influence of shorter stringers on the magnitude of buckling pressure [25] Fig . 11 shown the comparison between pressure and pressure at plain (P/P o ). P was generally higher compare to plain. 10 stringers has 1.37 P/P o . Therefore the pressure or deadweight can be divided by 1.37 which leads to 25.07 and still considered safe. The axial buckling load can also be decreased by increasing the external pressure [26] .
Refinement
As shown in Fig.5 , refinement was needed at C2 areas and Manhole areas were considered safe. However, if referred to the maximum allowable stress which is 21500 psi, the manhole area is beyond safe zone because it has stress value of 30106 psi and requires refinement as well. The refinement has been done by following instruction from ASME. Fig. 12 & 13 shown the refinement of the critical areas. And Table 8 . shown the stress value from the simulation results after refinement. Figure 13 . Refinement at C2 area 0  15436  15542  1  11150  13035  2  10354  11467  3  8874  14952  4  7585  14400  5 6437 14341
As shown in Table 8 . von mises stress that occurs in critical areas has decreased. In the manhole area, the dimensions of the refinement exceed 5 inches, then after getting farther from the refinement area the stress value approaches the stress value in the body as shown in C2 area at 3, 4, and 5 inches.
Validation using theory of distortion energy after refinement
Using the same method as shown in Figure 5 , maximum allowable stress (MAS) was plotted into the graph to be a more secure safety limit. Fig. 14 shown the validation results after refinement at three different areas (C2, ManHole or MH, and Body of vessel) using the highest value from each area. Figure 14 . Validation results after refinement using theory of distortion energy As shown in Fig. 14. Three of the highest stresses have been plotted into the graph. Even the highest stress did not exceed the safety limit or MAS. After the simulation and all validation criteria have been done, the results indicates that the pressure vessel is considered safe to be produced.
Cost Analysis
The purpose of this study was to demonstrate a low cost validation method on the vertical pressure vessel. After all validation methods have been done, a simple cost analysis can be performed to prove whether this method really requires a low cost. Table 9 shown the results of the simple cost analysis of the research. However, the testing, inspection, and also production cost for each vessel will be different depending on the dimension, material used, function, and necessity of the vessel or even company and country that made the vessel. Therefore, a simpler method will be used. Every test or inspection and validation that requires a fee will be marked "1" while avoidable costs are marked "0". The low cost validation method named LCV, while the actual procedure named AP. Testing procedure based on inspection company [27] & [28] . The cost analysis only focused on NDT, while destructive test such as mechanical properties test, hardness test, impact test, etc. were eliminated, because such testing procedure couldn't be avoided. As shown in table 9. LCV can save a lot of costs that can be done with finite elements method or other calculations method. Not all types of testing were included in the cost analysis. but at least it shows that the proposed method can be considered as a science that deserves to be developed. 
Conclusions
Based on the results of simulations and validations that have been carried out, the following conclusions are obtained : a. Basic validation with failure theory can be used as a validation for simulation results and also can be reference and the benchmark for decision making such as reinforcement and others. However, it is not enough to ensure the safety of the vessel. Therefore, further validation and other method besides finite element analysis were needed to support the simulation results. b. Some simulations such as corrosion, fatigue, seismic, and wind load can actually be done in finite element analysis. However, there is no validation method to ensure the results of the simulation except by direct testing. c. Dynamic load was not the focus of the simulation, because it is clear that the load used is the maximum load that is allowed on the vessel. And the pressure vessel only function as a scrubber which works under constant load. Assuming that the vessel considered safe at maximum load, then the actual work load will also be safe, which is 629 psi. d. Basic validation alone is not recommended as a reference to determine the safety of pressure vessels.
It would be better by doing calculations and analysis on all aspects then validated using failure theory after knowing the maximum allowable stress. e. Theory of distortion energy was used as a validation tool in this study, however that does not mean other failure theories cannot be used as a reference for validation. The choice of failure theory used must be based on material behavior and properties of material and the loading method of the structure. f. Fatigue and creep testing on the pressure vessel was not the focus of the study because the working age of the pressure vessel is relatively short, which is 9.2 years. While the project period using the
